ABSTRACT: Isolates of Cryptosporidium were characterized using nucleotide sequence analysis of the 18S rRNA and dihydrofolate reductase genes and also random-amplified polymorphic DNA analysis. Phylogenetic analysis confirmed the validity of the species of Cryptosporidium examined in this study such as Cryptospordium muris and Cryptosporidium baileyi, and also reinforced evidence from numerous researchers worldwide suggesting that Cryptosporidium parvum is not a single uniform species. The data obtained provided strong support for the validity of Cryptosporidium felis. Evidence suggests that the newly identified marsupial and pig genotypes may also be distinct and valid species, but biological studies are required for confirmation.
). Because C. parvum is not a genetically uniform species and may in fact include several distinct species, a taxonomic re-examination is urgently required. The aim of the present study was to conduct a detailed phylogenetic analysis of the human, cattle pig, marsupial, cat, and mouse genotypes using nucleotide (nt) sequences from the genes encoding 18S rRNA and dihydrofolate reductase to determine their relationships to other Cryptosporidium species. The dihydrofolate reductase (dhfr) locus was chosen for analysis as it is a single-copy gene and contains no introns (Vasquez et al., 1996) . Degenerate dhfr primers were designed by aligning human and cattlederived C. parvum nt sequences (Vasquez et al., 1996) , with sequence information from the Plasmodium falciparum nt sequence (GenBank accession no. J03772). The resultant primers designated DihyF3 (5'AATGYAYTAGTTATGGGAAGAA3') (positions 296-317) and DihyR2 (5'TAMKMATGTCTCAKKTATTTCTGG3') (position 590-613) were designed to amplify a 318-bp fragment of dhfr at a 50 C annealing temperature. TAQ Extendert (Stratagene, La Jolla, California) was included in all reactions to minimize PCR error. PCR products were purified using Qiagen spin columns (Qiagen, Hilden, Germany), sequenced, and analyzed as described above.
Phylogenetic analyses
Nucleotide sequences were aligned using Clustal X (Thompson et al., 1997). Sequence alignments can be obtained from the authors upon request. Phylogenetic analyses were performed using the following computer programs: MEGA (version 1.02, Kumar et al., 1994), PHYLIP (version 3.5c, 1993; J. Felsenstein, Department of Genetics, University of Washington, Seattle, Washington), and PAUP (version 3.1.1, 1993; D. L. Swofford, Illinois Natural History Survey, Champaign, Illinois). Distance-based analyses were conducted using Tamura-Nei distance estimates and trees were constructed using the neighbor-joining (NJ) algorithm. Parsimony analyses were conducted using the branch-andbound search option of PAUP. Bootstrap analyses utilized 500 replicates. Phylograms were drawn using the TreeView program (Page, 1996) . Split decomposition analyses were performed using SplitsTree (Dress et al., 1996). For dhfr sequences, distance-based analyses utilized all 3 codon base positions for the estimation of evolutionary distances.
Random-amplified polymorphic DNA (RAPD) analysis
RAPD analysis was performed using primers R-2817 and [GACA]5 as previously described (Morgan et al., 1995) with the exception that reactions were performed on a Perkin-Elmer GeneAmp PCR System 2400 (Perkin-Elmer), and amplification cycles were increased to 50. A third primer ACoA F (Morgan, Sargent, Deplazes et al., 1998) was chosen at random and utilized under the same conditions as the previous primers. RAPD analysis was performed 3 times for each primer and only those bands that appeared reproducibly at each amplification were scored. For RAPD data, individual bands were scored as present or absent for each isolate, and the binary data were converted into a distance matrix using the inverse of Jaccard's coefficient as previously described (Morgan et al., 1993). Genetic relationships were inferred by NJ analysis and split decomposition. and pig isolates were each placed into a unique cluster, whereas the human, cattle, and mouse isolates were placed into a fourth cluster. The levels of interspecific variation between the recognized species of Cryptosporidium were greater than the levels of interspecific variation within avian species in the genus Eimeria and were also greater than the variation between T. gondii and N. caninum (Table II) . The intraspecific variation within C. parvum was similar to the interspecific variation within Eimeria (Table II) .
RESULTS

Sequence
Bootstrap analysis of the distance data ( Fig. 1 ) provided strong support for the placement of the cat, pig, and marsupial genotypes on the earliest branching lineages of C. parvum and for the clustering together of the human, mouse, and cattle genotypes. Strong support was also observed for the clustering of the human isolates with each other. Weaker support was found for the placement of C. wrairi as the sister group to the human/ cattle/mouse group. The bootstrap values obtained by parsimony analysis (Fig. 1) provided some support for these nodes but were generally lower than the equivalent distance-based values. The cattle genotypes formed a single cluster that received low bootstrap support, possibly due to the low number of characters unique to this clade. Split decomposition of the distance data failed to identify any significant conflict within the data. None of the analysis procedures could reliably resolve the branch order of the 3 genotypes comprising the human/ cattle/mouse group.
Phylogenetic analysis of the rRNA internal transcribed spacer (ITS) regions
Because phylogenetic analysis of the conserved 18S gene was unable to resolve the branch order of the human, cattle, and mouse cluster, a more variable region was examined. The region spanning the rRNA ITS1, 5.8S rRNA, and ITS2, previously sequenced (Morgan, Sargent et al., 1999), was therefore included in this analysis. For this region, the most closely related genotype of C. parvum was the marsupial genotype, and this was used as an outgroup. Cat and pig sequences were excluded from this analysis, because the high level of variability exhibited by these genotypes for this region adversely affected the sequence alignment and was likely to be too great to be informative phylogenetically. Analysis of this region by parsimony and distance-based methods produced a well resolved tree ( Fig. 2 ) with all nodes supported by high (-99%) bootstrap values. Isolates with the same genotypes all clustered within the same group. Both methods found strong support for the placement of the cattle and mouse genotypes as sister groups.
Sequence and phylogenetic analysis of the dihydrofolate reductase (dhfr) gene
Sequence analysis of the dhfr locus revealed that the human isolates from the U.K. and Australia (P18, HI, H7) were identical to the previously published sequence of a U.S. humanderived Cryptosporidium isolate (SFGH-1). Similarly, the Australian, European, and North American cattle isolates analyzed (Cl, C2, sC33, S1, C13) were identical to the previously published sequence of a North American cattle-derived Cryptosporidium isolate (NINC-1). The mouse isolates (Ml 1, M24, M26) and the marsupial isolates (KI, K2) were distinct from the human-and cattle-derived isolates analyzed. Repeated attempts to amplify cat and pig isolates using different reaction conditions and annealing temperature failed to produce amplicons, even though these isolates readily amplified using 18S rDNA primers.
For the phylogenetic analysis, Plasmodium falciparum dhfr was used as an outgroup sequence. Distance-based and parsimony analyses produced similar results (Fig. 3) . In both cases, there was strong support for the placement of the human, cattle, and mouse genotypes into the same cluster. There was also strong support for the grouping of isolates with the same genotype. Exceptions to this were the cattle genotype isolates that, although identical at the nucleotide level for dhfr, failed to form a single cluster. The parsimony analysis and split decomposition both suggest that this is due to the absence of any character states that are unique for the cattle genotype and hence phylogenetically informative. The NJ tree was consistent with the 18S rRNA and ITS-based NJ tree, placing the human genotype external to the mouse/cattle genotype cluster, but the parsimony and split decomposition analysis of the dhfr nt data placed the human and mouse genotypes into the same clade. None of the analysis procedures found strong support for either of the 2 alternative branching patterns within the human/cattle/mouse group. 
RAPD analysis
Because a complete set of sequences could not be obtained using the dhfr locus, the relationships inferred by analysis of the 18S rDNA region were confirmed by subjecting representatives of the major genotypes of C. parvum to RAPD analysis. Human and cattle isolates each displayed identical profiles with all 3 primers, whereas pig, cat, marsupial, and mouse genotypes all consistently produced very different profiles (data not shown). There was insufficient material to perform RAPD analysis on multiple pig, marsupial, and cat isolates.
NJ analysis and split decomposition produced trees that clustered the mouse genotype with the human genotype (Fig. 4) . Cat, pig, and marsupial genotypes grouped independently. The relative branching order of the cat, pig, and marsupial genotypes were different compared with the 18S rRNA-based tree (Fig. 1) . Considering the limitations of the RAPD technique, especially when the banding patterns of 2 samples are highly dissimilar (as is the case herein), it is likely that the difference in the branching pattern is due to errors in the RAPD-based tree.
DISCUSSION
Phylogenetic analysis of Cryptosporidium isolates, using distance-based and parsimony analysis at a number of different loci, provided strong evidence that this genus is composed of several distinct and valid species. These findings contrast with those in which a pairwise comparison of 18S rDNA sequence data, obtained from GenBank for C. wrairi, C. baileyi, C. muris, and several bovine C. parvum isolates, suggested that interspecies and intraspecies values did not appear appreciably different (Tzipori and Griffiths, 1998). This suggestion was developed by comparing Cryptosporidium species variation to the considerable degree of variation within Plasmodium species (Tzipori and Griffiths, 1998). This comparison between Cryptosporidium and Plasmodium may be inappropriate for several reasons: (1) levels of interspecies divergence within Plasmodium is very large and greater in some cases than the intragenera differences between other apicomplexans, e.g., Cryptosporidium versus Eimeria, Cryptosporidium versus Toxoplasma; (2) the origin of the Plasmodium sequences indicating specific rRNA loci that are expressed at different stages of the Plasmodium life cycle were not considered; and (4) the levels of genetic divergence (based on sequences from GenBank) between some 18S rRNA loci within Plasmodium vivax are larger than divergences be- Data from the present study indicate that the levels of interspecific variation within Cryptosporidium are similar to or greater than those within avian Eimeria spp. and even between different genera. As shown in Table II , the percentage similarity between some of the recognized species of Cryptosporidium, e.g., 93.5% for C. parvum (H7) versus C. muris, is less than that observed between different avian species of Eimeria (99-95.3%) and between E. tenella and C. cayetanensis (96.8%). This provides good supporting evidence for the validity of the species of Cryptosporidium examined in this study. In addition, the levels of similarity between some of the genotypes of C. parvum, e.g., 97.6% for cat versus human, are within the range of interspecific variation observed for avian Eimeria spp. (99-95.3%). This supports the naming of the cat genotype as a distinct species (C. felis) (see below) and could also be used as evidence to support the recognition of the pig and marsupial genotypes as distinct species.
Phylogenetic analysis clearly demonstrated that C. muris was the most divergent species of Cryptosporidium, followed by C. baileyi. Cryptosporidium serpentis was not included in this analysis as a full 18S sequence was not obtained; however, recent analysis of a 713-bp region of the 18S gene from C. muris and C. serpentis isolates revealed these 2 species to be distinct but closely related (Morgan, Xiao et al., 1999). This is in agreement with biological data as C. muris and C. serpentis 0.1 Jaccard's Distance Phylogenetic analyses of Cryptosporidium isolates confirmed the validity of the species examined in this study and provided strong evidence for the naming of several new species from within what is now named C. parvum. It is clear from these results that a re-examination of the taxonomy of the genus is urgently required and that future genetic studies should be carried out in conjunction with more extensive biological analysis in order to elucidate the true taxonomic status of these newly identified genotypes.
